Dislocation modelling is used to examine the GPS velocity vectors for the Marmara Sea region. First, the vectors due to the known Anatolia/Eurasia rotation are reproduced by introducing structures that approximate the large-scale tectonics. Observed features of the smaller scale fault system in the Marmara region are then progressively included with slip amplitudes and directions adjusted to fit an 80-vector subset of the GPS data. The motion in the Marmara Sea region is partitioned with the faults that bound the north of the basin carrying more strike-slip motion than predicted from the Anatolia-Eurasia plate motion and faults to the south having a greater perpendicular component. Taken together however, there is no net opening across the Marmara Sea perpendicular to the overall trend of the boundary and thus deformation in the Marmara region results only from the pull-apart geometry of the North Anatolian fault. No extension related to the Aegean system is needed to explain the observations. The GPS results are consistent with motion over the last 5 Myr that has been determined from geological reconstructions.
I N T RO D U C T I O N
Over the last decade numerous GPS sites have been established throughout Turkey and Greece resulting in progressively better determination of the velocity vectors describing interseismic crustal deformation for the region (Straub et al. 1997; Kahle et al. 2000; McClusky et al. 2000) . Such deformation can now be compared with rates determined by geological and geomorphic methods over longer time periods (e.g. Barka 1992; Armijo et al. 1996 Armijo et al. , 1999 Hubert-Ferrari et al. 2002a ). This paper concentrates on the Sea of Marmara region, which has excited interest following the 1999 Izmit and Düzce earthquakes. Further destructive events are to be expected in the near future (Barka 1999; Parsons et al. 2000; Hubert-Ferrari et al. 2000) . The Sea of Marmara lies on, or close to, the boundary between the strike-slip Anatolian regime and the Aegean region which includes substantial N-S extension (Le Pichon & Angelier 1981; Jackson et al. 1992) . To help to understand how the Anatolian and Aegean tectonic regimes have influenced the evolution of the Marmara Sea, we examine present-day motion using GPS observations.
Most of the GPS velocity vectors relative to Eurasia can be explained by rotation of Anatolia and the Aegean around an Euler pole (McClusky et al. 2000) . However two regions show misfits that fall outside the errors of observation-much of the Southern Aegean and the region of the Sea of Marmara. Although this paper concentrates on the Sea of Marmara, we start by creating a large scale model that incorporates the major active structures and reproduces the results (including defects) of using a simple pole of rotation. Within the context of this model, the Sea of Marmara velocity vectors are then examined using a knowledge of the faults with known Holocene activity (Barka & Kadinsky-Cade 1988; Saroglu et al. 1992; Parke et al. 1999; Le Pichon et al. 2001; Armijo et al. 1999 Armijo et al. , 2002 . It is assumed that these faults are the surface expression of deeper structures which are then modelled by dislocation elements in a half-space; a common approach to modelling GPS data (Savage & Burford 1973) . Recent work has assumed that these structures divide a region into blocks and use procedures that minimise strains within them (e.g. McClusky et al. 2001; Meade et al. 2002) . This procedure however, can result in motion on a structure being incompatible with surface observations (e.g. closure on an extensional feature). Our models do not require the blocks to be undeforming, but do require that the direction of the horizontal component of slip vectors on the structures that we model are compatible with geological (Barka & Kadinsky-Cade 1988; Saroglu et al. 1992; Parke et al. 1999; Le Pichon et al. 2001; Armijo et al. 1999 Armijo et al. , 2002 ) and seismological observations (e.g. Ambraseys & Jackson 2000; Gurbuz et al. 2000) . The significance of deformation within blocks is discussed by Hubert-Ferrari et al. (2002b) .
T H E S E A O F M A R M A R A FAU LT S Y S T E M
To the east of the Sea of Marmara, the North Anatolian fault (NAF) has a single trace where deformation has been limited to a narrow zone over several million years ( Fig. 1a) (Hubert-Ferrari et al. 2002a) . At the eastern end of the Sea of Marmara, the fault splits into two systems, the North, North Anatolian Fault (NNAF) and the South, North Anatolian Fault (SNAF). The NNAF passes through the Marmara Sea to the Dardanelles while the SNAF passes on land to the South (Fig. 2a) . The NNAF is substantially more active than the SNAF. The strike-slip deformation on both then continues into the Aegean where it interacts with extension that has been active for the last 15 Myr. In Fig. 1(a) the general form of the earlier and still active Aegean extension is indicated in yellow. As the two branches of the NAF extend into the Aegean, activity is reduced on its eastern side and increased to the west (dark green). The North Aegean Trough, Evvia and Corinth basins (Fig. 1a) result from the increased activity (Armijo et al. 1996) .
The NAF appears to have evolved by propagation from east to west (Armijo et al. 1996; Hubert-Ferrari et al. 2002a,b) . It initiated in Eastern Turkey between 15 and 10 Ma as a result of the collision of Arabia and Eurasia and crossed the western Marmara Sea at 5 Ma (Armijo et al. 1999) . Further propagation has resulted in the reactivation of the Gulf of Corinth at 1 Ma (Armijo et al. 1996) . It is this propagation process that is responsible for reducing activity on the eastern side of the fault and increasing it to the west (HubertFerrari et al. 2002b) .
Within this context the Marmara Basin has evolved over the last 5 Ma mainly as a result of strike-slip motion and it can be identified kinematically as a pull-apart (in the offset between the NAF and the NNAF) with some minor complexities . These geological reconstructions suggest that, while Aegean extension may play some initial role in creating the Sea of Marmara structures, overall extension perpendicular to the overall trend of the NAF is not required to reconstruct the geology. The GPS modelling reported below supports this view.
G P S O B S E RVAT I O N S A N D L A RG E S C A L E M O D E L L I N G
The GPS observations on which this study is based are shown in Fig. 1 (a) (Eurasia fixed) and the area of detailed study is outlined. Elements of a regional model that fits these observations are shown in Figs 1(b) and (c). They consist of rectangular elements that extend from a locking depth of 15 km to 100 000 km (effectively infinite depth) in an elastic half space (Poisson's ratio 0.25). This simulates vertical structures that extend through the lower crust and upper mantle to the asthenosphere (Savage & Burford 1973) . Deformation is calculated using the results for rectangular dislocations of Okada (1985) . The green elements which represent the NAF are simplified and continued as far as the Hellenic arc. Thus the complexities of the southern Aegean are not fully modelled. The initial model ( Fig. 1c) does not include the SNAF and all motion is placed on the NNAF. The normal and tangential motion on the elements are such that the net slip vector has the amplitude and direction predicted by the Anatolia/Eurasia kinematics (∼24 mm yr −1 McClusky et al. 2000) . The Hellenic subduction system is modelled by blue elements and yellow elements represent some of the extensional features in Western Turkey and the Aegean. The vectors are consistent with geological rates and produce an overall velocity field consistent with the larger scale plate motions (determined from the pole of rotation). As previously noted this initial model provides a poor fit for the Southern Aegean, but this does not affect further modelling in Marmara Sea region. Fig. 2(a) shows the known active faults of the Marmara region (Barka & Kadinsky-Cade 1988; Saroglu et al. 1992; Armijo et al. 2002) together with the GPS vectors referenced to Eurasia. In Fig. 2(b) the initial model (as in Fig. 1 ) is shown allowing the GPS vectors and the model vectors to be compared. The model fits the vectors to the north of the NNAF and in the southern part of the region shown (about 100 km to the south of the Marmara Sea). The good fit surrounding the Marmara region is important since it shows that there is no overall extension perpendicular to the NAF.
D E TA I L E D M O D E L L I N G I N T H E S E A O F M A R M A R A
Closer to the Marmara Sea, substantial differences occur. While it is easier to understand the whole region when vectors are referenced to Eurasia, the significance of vectors in the immediate Marmara region is clearer when referenced to Anatolia (Fig. 2c) . In this figure it can be seen that many vectors are orientated approximately perpendicular to the overall direction of motion on the boundary. The following Figs 3(a), (b), (c) and (d) show steps required to fit these vectors.
In each figure the upper panel shows observed and predicted velocity vectors. The central panel shows the elements, the slip vectors on the elements and the model velocities. The residuals in the lower panel are indicated both by vectors and by an interpolated and shaded error field. The latter makes it easy to see where misfits are greatest. This is a reliable method for identifying systematic errors in groups of vectors and hence for systematically improving a model. A global rms misfit represented by a single number gives little guide to how a model can be improved.
For the initial model (Fig. 3a) it can be seen that errors result from incorrect modelling of the velocity component perpendicular to the Anatolia/Eurasia motion, plus some error parallel to the strike of that motion. It should be appreciated that this result is not very sensitive to the exact location of the NNAF. Provided that the model is constrained to accommodate large-scale relative motions, the misfit will have the same general character. This insensitivity is illustrated in Fig. 3(b) where 20 per cent of the slip (∼5 mm yr −1 ) required by the large-scale kinematics (∼24 mm yr −1 ) is transferred from the NNAF to the SNAF. This modification reduces the strike-parallel errors but the systematic strike-perpendicular error vectors remain.
To produce a better fit to the observed deformation field it is necessary to reduce extension across structures within the northern Marmara Sea and increase extension to the South. To achieve this, the directions and amplitudes of some of the vectors are changed and opening elements are added as shown in Fig. 3(c) (middle panel). The residuals are substantially reduced. The extension added south of the Sea of Marmara is consistent with geological observations indicating that significant normal faulting occurs (Barka & Kadinsky-Cade 1988; Saroglu et al. 1992; Armijo et al. 2002) . The fit consequently requires slip partitioning with a larger proportion of strike-slip motion accommodated on the NNAF and strikeperpendicular extension associated with the SNAF and associated faults. The model reduces almost all of the residuals to well within the error ellipses and can thus be regarded as good fit.
However, pursuing the observation that substantial extension occurs south of the Sea of Marmara and not within it, models can be produced that reduce the residuals still further. A satisfactory model (Barka & Kadinsky-Cade 1988; Saroglu et al. 1992; Armijo et al. 2002) and the 80 GPS velocity vectors for the region (referenced to fixed Eurasia). The NAF splays westwards into two main branches 100 km apart (NNAF, SNAF, see text). The Marmara pull-apart basin has formed at the step-over between the NAF to the East and the NNAF to the West. Note that the NNAF is more active (4-5 times) than the SNAF. . The middle window shows the slip vectors (in black) for different parts of the fault system within the region. In all cases, the models include the larger scale structures shown in Fig. 1(b) and the resultant motions are illustrated with grey arrows. The lower window shows the residual vectors (in black) plus shading (in red) indicating the degree of misfit. The latter is calculated by interpolating between scalar values of the misfit. A few vectors (10 out of 90) are either incoherent with other nearby vectors or have a large error. These are indicated in purple and are not included in the calculation of misfit. The arrowhead of one vector, which is not fitted by the first models, is circled. It might be accounted for by adjusting the locking depth (see text). (a) Only the NNAF is modelled with slip everywhere parallel to and with the amplitude predicted by, the plate motion. Large residuals are visible south of the fault. In the west these are parallel to the plate motion while further east they are orientated perpendicular to it. (b) The SNAF is introduced and the plate motion is redistributed with 80 per cent on the NNAF and 20 per cent on the SNAF. Again the slip is everywhere parallel to the plate motion. The residuals to the south and west of the fault are now reduced, but the misfits to the south of the Sea of Marmara remain. (c) Slip on the NNAF is modified to reduce the component of opening along the eastern part of the Marmara Sea. The overall plate motion direction is shown by blue lines and the new slip direction by black arrows. This leaves a slip deficit with a fault perpendicular component, which is re-distributed along normal faults south of the Sea of Marmara as indicated. This slip partitioning between the two branches of the NAF substantially reduces the residuals. They are now sufficiently small to be within the error ellipses. (d) An optimised model. The condition that no changes can be made to the regional model is now relaxed and some other local faults are added. The strike-slip component on the SNAF is slightly increased and this slip increase extends outside the region of interest to include part of the regional model. Within the region, normal faults with modest opening are added. The locking depth for the NNAF in the northern Sea of Marmara is reduced to 5 km with the result that the vector with the circled head, north of the Marmara, is fitted better. The modifications are discussed in the text and can be justified as consistent with more general tectonic interpretations of the region. However, the residuals are now below the errors quoted for the GPS velocity vectors and thus the interpretation presented in this figure may change as more data is collected. is shown in Fig. 3(d) . This adds motion consistent with structures beneath some minor mapped faults and slightly modifies slip on a structure to the south. The details of this model are poorly constrained however, and it may not be fully supported in the future as errors in the velocity vectors are progressively reduced as more GPS data accumulates. The locking depth for structures along the northern Marmara Sea are reduced to 5 km. This slightly improves the fit for one velocity vector (arrowhead circled).
D I S C U S S I O N A N D C O N C L U S I O N S
We have first produced an overall model of the regional displacement field for Western Turkey and the Aegean, consistent with the large-scale kinematics of the extrusion of Anatolia and with geological features known to be active. This correctly describes the displacement field around the Marmara Sea, but closer to it the fit to the data is poor. To fit the observations better, slip partitioning is required with opening across the northern Sea of Marmara reduced and extension to the south of the Sea of Marmara enhanced. There is geological evidence for this asymmetric slip partitioning. The faults along the northern side of the Marmara Sea have greater strike-slip motion than predicted from the pole of rotation while south of the Marmara Sea the faults have larger than predicted normal components. Reconstructions suggest that the deficit of normal motion in the north is compensated by the excess in the south so that taken together the structures do not represent any departure of the horizontal velocity vector from that predicted by the pole of rotation . It has been proposed that the Sea of Marmara results from the interaction of Anatolian strike-slip with Aegean extension (Wong et al. 1995; Parke et al. 1999) . Kinematically this does not appear to be the case. Although Aegean style extension does cause motion on E-W normal faults about 100 km to the south of the Sea of Marmara and in the Aegean Sea to the west of the Dardanelles, there is no overall extension perpendicular to the slip direction between the north of the Marmara Sea and about 100 km to the south of it. Within this zone all the perpendicular motions are local and associated with the offset geometry. The geology, morphology and GPS results are therefore in agreement; subsidence due to strike-parallel extension and partitioned slip has formed the basin and continues to enlarge it.
Although the data exclude substantial Aegean extension as playing a significant role in the finite deformation of the Marmara Sea region, the form of the faulting in the region can still have been influenced by the Aegean stress field. While too small to create structures with significant displacements, the Aegean stress field may have modified the evolution of the NAF. As the NAF propagated into the Proto-Marmara Sea area at 5 Ma, N-S extensional stresses would rotate the maximum shear towards the North causing the fault to veer to form the NNAF. Once formed this structure could have controlled the subsequent evolution of the plate boundary in this region. It is however, not kinematically an ideal boundary. The younger and less active SNAF more closely follows the small circle about the pole of rotation and may in due course become the favoured locus of future deformation. 
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